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ABSTRACT

In the context of space missions with a demanding
payload mass about celestial bodies with atmosphere
aerobraking emerges as an enabling technology.

This technique allows transforming a highly elliati
insertion orbit into a nearly circular, low-altiteicbrbit

by a sequence of free atmospheric passes. As @e S/
passes through the outer layers of the atmosptiere,
orbit energy is reduced by the aerodynamic forces
acting on the solar array. The consequent panel
temperature rise has to be fully controlled, thus
requiring the definition of aerobraking corridofsat
ensure structural safety at a given confidencel.leve
Although the most efficient way to define such ator

is to use thesolar array temperature as the direct
control variable, such approach presents several
drawbacks such as the difficulty of predicting iittbe
complex issue of number and location of sensors.

The easier predictability of surrogate variabldee li
peak heat flux, peak dynamic pressure and heat load
per pass makes them more suitable for corridor
definition. In this paper, two approaches basedioa

and two surrogate variables will be described.

In order to discuss these approaches, comparative
performance assessments will be shown for these
strategies when applied to mission scenarios around
Mars, Venus and Titan.

1. INTRODUCTION

Nowadays more and more space exploration missions
are demanding to put a significantly big payload in
orbit around a planet. Typical goals are those of
observing the planet, its atmosphere, some of its
satellites from a close distance or to provide layre
orbiter for future surface exploration landers.

Injection of the S/C into the low altitude orbitéred
for this purpose was generally achieved in the pgst
applying a large chemical burn at the arrival hiyoéa
pericentre. The deltaV cost of this type of injenti
grows as the arrival infinite velocity increasesl as
the target orbit size shrinks. Therefore, the higt of
such injections generally limited either the fimahss
ratio or the minimum altitude about the celestiadiy.

However, if the planet presents an atmosphere,
aerobraking can provides a great improvement of the
final mass ratio. With this technique, the orbiergy is
reduced through a series of successive atmospheric
passes rather than by a large chemical burn. On the
other hand, however, aerobrakingtéghnically more
complicated, longer and operationally more
demanding In fact, in order to follow a given baseline
timeline of apocentre altitude reduction while not
endangering the S/C structures, a control corndost

be defined and fulfilled throughout the aerobraking
The purpose of this paper is to provide a feasible
definition of this corridor and to present someevaint
examples of application for different scenarios.

Aerobraking was firstly demonstrated technically by
NASA in 1993 with the Magellan mission about
Venus, which reached a very low altitude orbit by
successive atmospheric passes in the Venus's
atmosphere. Later on, aerobraking has been used as
enabling technology for various NASA missions
targeting low altitude orbits around Mars, like tars
Global Surveyor, the Mars Odyssey and the Mars
Reconnaissance Orbiter.

Various future missions are being planned nowadays
that envisage aerobraking as an enabling technology
The NASA/ESA mission “Exomars”, for example, is
featuring an aerobraking strategy in its current
baseline mission scenario in order to insert the S/
about Mars in 2016/2017. The objective is that of
studying the Mars atmosphere and guaranteeing a
relay orbit for communication with two surface
exploration landers which are expected to arrive tw
years later.

The ESA Mars Sample Return Mission is another
mission to Mars envisaged for launch in the firalf h

of the 2020s. This mission aims at collecting Mars
surface rocks and dust samples and bringing them
back to Earth. Upon arrival to Mars, an orbiter|wil
separate from a descent module and reach a filagl re
orbit through an aerobraking phase. Once the Mars
sample has been released into orbit by a dedicated
Mars Ascent Vehicle, the orbiter will dock withahd

start the long journey back to Earth.



Titan is also drawing interest in the context of
aerobraking missions. The NASA/ESA TSSM
mission, envisaged for the decade 2020-2030, festur
an aerobraking phase of the S/C about the Saturn’s
satellite, during which, detailed analysis of the
atmosphere should be carried out.

2. AEROBRAKING CORRIDOR CONTROL

The aerobraking corridor characterizes the MainsBha
which is the longest of the three main phases ingld
an aerobraking strategy. Complete information about
these phases can be found in [1]. Here we providle o

a brief description:

* Walk-In: Gradual lowering of the pericentre
altitude of an initial highly elliptical orbit. It
allows reaching the operational aerobraking
working conditions in the safest way and
permits to tune the predictive atmosphere
model to the actual atmospheric conditions

e Main Phase: it is the phase providing most of
the apocentre altitude reduction and requiring
the most demanding orbit control. This is
achieved by forcing the S/C to stay within an
aerobraking control corridor

* Walk-Out: final phase achieving the desired
final orbit, while keeping the orbit lifetime
above a minimum allowed value. Lifetime is
the time required by the apocentre altitude to
get below a threshold value if no pericentre
raising manoeuvres were performed

The control corridor permits to accomplish the
apocentre altitude reduction within a given maximum
time while keeping the S/C structures safe. Theetim
requirement is achieved by defining a “corridor éyw
boundary”, while the safety requirement is satifie
with the definition of a “corridor upper boundary”.

Traditionally, the aerobraking corridor has been
defined in terms of easily predictable control ahtes,

such as the peak dynamic pressure and the peak heat
flux at pericentre. The former, characterizing the
corridor definition of the MGS mission ([2] and ]3%
computed as in Equation (1), where is the
atmospheric density andy, is the velocity of the S/C
relative to the wind:

1
Pdyn peak = ma{z tb m/atmzj (1)

drag pass

The peak heat flux, on the other hand, is propoatio
to the cube oY, as shown in equation (2):

® peak = ma{% Lp watmsj 2)

drag pass

In order to make the S/C comply with a corridorafim
chemical burns are periodically applied at apo®etur
control the pericentre altitude evolution. Eachrbig
computed so as to guarantee that the control Jariab
fulfils as much as possible the corridor at legstta
the following burn decision epoch (we refer to timee
interval between successive manoeuvres decisiotts as
the “control interval”).

Figure 1 shows three examples of the effect of an
aerobraking manoeuvre (ABM). First of all, the
evolution of the control variable throughout one
control interval is predicted (red circlesHigure 3. If,

for any drag pass, the control variable occurs éo b
outside of the corridor, then an ABM is computed an
applied at the first apocentre to bring the highest
predicted control variable (representing the wdrsigy
pass) to the upper corridor boundary (blue circles)
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Figure 1: ABM effect on control variable evolution

In case A), an upper boundary violation is deteeted
the ABM raises the pericentre altitudes by the
minimum amount necessary to comply with the



corridor (the control variable evolution shifts

downwards).

In case B), a lower boundary violation is detecied

the ABM lowers the pericentre as much as permitted
by the corridor (i.e. until the worst drag pass toain
variable has reached the upper boundary). In thig w
the duration of the Main Phase is minimized.

There is one particular case, depicted in caseirC),
which the ABM is not enough to force all control
variables to stay within the corridor. This occursen
the control variable presents a natural dispersigger
than the corridor width.

The corridor control approach described above és th
one yielding the lowest aerobraking duration while
controlling the maximum manoeuvres frequency
(ABMs are computed, if necessary, every control
interval and hence their frequency is fully corigd).

In the next chapter, we shall provide a feasible
approach for the definition of the control corridor

3. DEFINING A CONTROL CORRIDOR

As we have already pointed out in the previous @hap
the aerobraking corridor consists of two boundaries
The lower boundary must ensure that a minimum drag
deltaV be achieved for each pass (or a minimunogderi
reduction). On the other hand, the upper boundargt m
prevent any structural damage due to excessiventiier
or mechanical stresses.

The driving constraint for the majority of the
aerobraking missions is the thermal stress. In thet
most critical component is the solar array, thefamar

of which is oriented at 90° with respect to the dvin
velocity during the drag pass. The heat generated b
the impact of free molecules results into a sotaaya
temperature rise that has to be controlled througho
the Main Phase.

Therefore, it seems to be very efficient to defthe
aerobraking corridor with the solar array peak
temperature as the direct control variable. Such
approach would feature a constant upper corridor
boundary set at the maximum allowed solar array
temperature. However, there are several drawbaxks f
this approach.

First of all, the computation of the ABM necesstoy
comply with the control corridor requires the non-
trivial capability of predicting accurately the aol
panel temperature up to several orbits ahead (tefer
Figure 1), which means to have a very accuratartaker
model of the S/C. Furthermore, during mission
operations, in order to verify that the corridornist
being violated, it would be necessary to place some

temperature sensors at specific appropriate |atsibd
the solar panel, which is again another complelk tas

For the above reasons, it has been traditionally
preferred to use surrogate variables like peak fheat

or dynamic pressure to define the aerobraking dorri
Both the peak heat flux and dynamic pressure ang ve
easy to compute (equations (1) and (2)) since they
depend only on the orbit geometry and atmospheric
density. Moreover, peak dynamic pressure and heat
flux are closely related to the drag DeltaV perspike
peak dynamic pressure is almost proportional tarit)
therefore, the corridor lower boundary can be
expressed as an elementary function.

Although the definition of the lower boundary isrfa
simple (a fixed value of peak dynamic pressure for
example), the major drawback of the surrogate
variables is the fact that a given peak value @t fieix

or dynamic pressure does not correspond always to a
given peak solar array temperature. In fact, the
temperature rise does not depend solely on the peak
value of the heating rate (or heat flux), but adsothe
duration of the drag pass. Such duration is a fanaif

the orbital geometry because, as the orbit shraridc

the eccentricity lowers, the fraction of orbit spen
inside the atmosphere gets longer. For Mars mission
the drag pass duration may change from an initial 5
minutes to more than 20 minutes towards the endeof
aerobraking.

Figure 2shows how different two temperature profiles
might look like even when presenting the same peak
heat flux. The dotted curves refer to a short domat
pass, while the continuous curves to a long dumatio
pass. The temperature always lags behind the heat f
because of the finite thermal inertia of the salaay.

Temperature throughout a long drag pass
=== Temperature throughout a short drag pass

Heat flux throughout a long drag pass

=== Heat flux throughout a short drag pass

Heat Flux

Temperature

Time since drag pass start

Figure 2: Evolution of temperature for two orbits
presenting same peak heat flux and different duratin

This means that the solar panel is never in thermal
equilibrium between the absorbed heat (from drag



friction) and the heat emission (from temperatuFey.
this reason, the peak temperature does not depdnd o
on the peak heat flux but also on the pass duratims
reaching higher values for longer passes.

The corridor upper boundary definition must theketa
into account the orbital geometry or the integraiedt
flux:

T peak = Tpek (© peak- AQ)

(3a)
Tpeak = Tpeak ((D pesk » orbit geometry)

(3b)

In equation (3a), the integrated heat flux, or Head,
is defined as:

AQ = | @ dt )
Atmospheric pass
Equations (3a) and (3b) are not completely equitale
as it will later be shown. However, starting fronese
two equations, it is possible to derive two feasibl
corridor upper boundary definitions:

e 1-D Corridor: by equating the left hand side of
Equation (3b) to the maximum allowable
temperatureTl ., and inverting the equation, it is
possible to express the upper boundary flux as:

q)upper boundary — f (Trmax » gEOMELTY) (5)

The geometry dependence can be obtained by
expressing the maximum allowable heat flux as a
function of the apocentre altitude, because the
pericentre altitude stays practically unchanged.
Each drag pass must then present a heat flux lower
than the upper boundary value corresponding to
the current apocentre altitude. The approach is
clearly applicable even when using the peak
dynamic pressure as the control variable (just
substituted with pyy, in the previous equations)

e 2-D Corridor: by equating the right hand side of
equation (3a) to the maximum allowed
temperatureT,, it is possible do define a 2-D
curve in the heat flux/ heat load plane. Each
pericentre pass is represented by one point in such
plane and must be forced to remain below such
upper boundary curve:

Tpeak (q) peak 1 AQ) = Tmax (6)
For both approaches, the maximum allowable
temperature is determined as the maximum

temperature that the solar array can withstanddeid

by a safety margin accounting for atmosphere dgnsit
uncertainties. Such margin should generally bestest

with aerobraking Montecarlo simulations with a
perturbed atmosphere to see if the corridor assompt

is conservative enough.

There are some differences between the 1-D and 2-D
corridor approaches. If, on one hand, the former is
simpler since it takes into account only one cdntro
variable, the latter presents the advantage ofifieaf a
fixed corridor throughout the aerobraking. In audafif

the 2-D approach is slightly more efficient as ill e
demonstrated below.

Refer toFigure 4 showing two atmospheric passes with
the same geometry, same peak heat flux but with a
different value of the atmosphere scale height
(characteristic length over which the density clesng
by a factor of). Red lines refer to a scale height of 8.6
km and the blue lines to a scale height of 7 kmisTh
difference might arise because of a different drags
longitude. Although the 1-D corridor upper boundary
would provide the same heat flux in both cases, the
peak temperature would be higher for the case
featuring a higher scale height, as showrFigure 4
This means that equation (3b) does not take into
account the density scale height influence. Orother
hand, the 2-D corridor definition is nearly indegdent

of the assumed atmospheric scale height, becaase th
latter affects both the heat load and the peak
temperature values. Such non-optimality of the 1-D
corridor approach, however, is quite small, since
temperature differences due to the different scale
heights only amount to a few degrees Celsius.

Scale height 7 km
Scale heigh 8.6 km

Density (ka/m®)

i L 1 i
-100 1] 100 200
Time to periapsis (s}

Figure 3: Two drag pass profiles with same peak desity
(and heat flux) and different scale heights
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Figure 4: Dependence of the peak panel temperatuen
the atmospheric scale height

To summarizeTable 1shows the pros and cons of the
corridor approaches described in this paragraple Th
solar array temperature approach is clearly thet mos
efficient since it controls the real constraint ighte

but it presents several drawbacks for what concésns
implementation. The 1-D and 2-D corridor approaches
with surrogate variables differ from each other &or
slightly higher efficiency of the latter. Neverthss,
the 1-D corridor approach is simpler and preferable
when the upper constraint of the corridor is néates

to a peak solar array temperature but rather teroth
factors or during early stages of a mission design
process when detailed geometry and characterigtic o
the S/C are not available yet (see Titan's aerabgak
mission simulation).

Table 1: Comparison of the corridor control options

PROs CONs
e Prediction of
temperature
« Direct derivation | « Temperature
Solar array gf upger corridor sensors
temperature oundary positioning
* Highest « No simple
efficiency definition ~ of
lower
boundary
» Easy to
1-D Heat Flux implement « Non-
or Pdyn Adaptable to any optimality
corridor desirable
timeline
Higher
2-D heat flux ; ; complexity
Fixed corridor
- heat load . . for ABM
corridor High efficiency decisions

4. SIMPLIFIED THERMAL MODEL

As described in the previous section, the SolarArr
temperature is a key input for the definition ok th
aerobraking corridor. A simplified model is requir®
predict the solar array temperature and its depeede
on the flight parameters. A balance has to be found
between simplifying assumptions (requiring worsteca
assumptions or margins) and complexity.

More precisely, the following simplifications have
been made:

e Single node thermal model: the thermal gradient
between the front and back sides of the array
(typically 10 K) is neglected

e Solar Array thermally decoupled from the
spacecraft body (conductive and radiative
exchanges are neglected)

» Uniform convective heat transfer coefficient equal
to 1: this is a quite conservative assumption

Simplifications have been also made to account for
environmental fluxes. Note that neglecting totale
environmental flux is not justifiable, especiallgdause

it would yield a null equilibrium temperature outsi
the atmosphere. The following description is
considered:

+ The solar flux at the considered heliocentric
distance is taken into account during the whole
aerobraking pass, at normal incidence. This is
obviously a worst case conservative assumption

e The planetary infrared flux is considered,
assuming that the solar array is perpendicular to
the radius vector from the planet centre

 The planetary albedo is also taken into account,
assuming again a normal incidence.

More precisely, the planetary flux (Infrared + albg
is computed as given in Equation (7):

2
leh] ' @

® Planet — cDSJn (Ca + Ct )[

where @g,, is the incoming solar fluxC, and C; are
respectively the planet albedo and thermal infrared
coefficients,R is the planet radius arfdthe spacecraft
altitude.

Once these simplifications have been made, it is
possible to compute the evolution of the Solar Jrra
temperature during an aerobraking pass, as a result
the balance between the incoming convective fluk an
environmental fluxes and the outgoing radiativex flu
toward space, as given in Equation (8):



meT = cl)conv + (al + az)(DPIanet ..

max(ab az)cbsun _0(51 + 52)1-4,

(8)

wheremGC, is the thermal inertia of the solar parel,
and g, , are the thermal absorptance and emissivity
coefficients of the solar panel surfaces (front aadk
surfaces), and is the Stefan-Boltzmann constant. Note
that the solar flux is applied to the most absagbin
surface (worst case) whereas the infrared, albedio a
outgoing radiative fluxes are applied to both stefa
Typical values for these parameters are liste@aine

3.

The initial temperature at the beginning of the spas
required for the integration of the thermal dynans
the equilibrium temperature under environmental
fluxes only (negligible convective flux), as givem
Equation (9):

1/4

(9)

T. = max(a'l'aZ )CD Sun +(al +a2)cb Planet
° J(‘51*'52)

5. AEROBRAKING CORRIDOR ALGORITHM

The thermal model described in the previous sedtion
used to predict the maximum temperature of thersola
array during the aerobraking pass. Note that becafis
the thermal inertia, the maximum temperature is
reached after the pericentre (peak of the conwectiv
heat flux). While an exact aerobraking altitude aedt
flux profile could be used at this point, a firster
approximation of the trajectory around the perioent
allows to speed-up the simulation time and remains
compatible with the required accuracy for the
definition of the aerobraking corridor. Similarly
simple scale-height model is sufficient to desctibe
atmospheric density.

As explained in section 3, the relevant parameiars
the prediction of the peak temperature are the peak
flux and the heat load. However one needs to user ot
parameters (pericentre,
model parameters) to compute the temperature
evolution. It can be shown that a modification leége
parameters leading to the same peak heat flux aad h
load yields the same peak temperature.

The model described above allows to predict, feegi
apocentre and pericentre altitudes and atmosphere
parameters, the peak solar array temperature. [blok b

is used within an iterative scheme in order torgethe
aerobraking corridor.

The procedure is as follows:

apocentre and atmosphere

1. For each value of the apocentre altitude in the
aerobraking range,

2. Find the pericentre altitude such that the maximum
allowable Solar Array temperatufg, is reached

3. Record the resulting values of the peak heat flux
and heat load.

Step 2 is itself the result of an inner iterati@nrfot
finder featuring a simple dichotomy algorithm). The
overall procedure is depicted in Figure 5. Helggand

H, are respectively the pericentre and apocentre
altitudes, whereas H(t) and V(t) are the keplerian
profiles of altitude and inertial velocity. At the
beginning of the loop, a pericentre altitude atteamip
computed as the mean value of a pericentre altitude
range Hp min, Hp mad Which is continuously adjusted
during the root finder convergence.

A similar approach can be used to define the lower
limit of the corridor (minimum dynamic pressurej |
this case, the thermal model is not required. The
dichotomy algorithm is still used for conveniende a
step 2, although the simpler dependence of the
dynamic pressure with respect to the pericentiidét
(exponential dependence at first order) allows, in
principle, a more efficient implementation. The
algorithm for determining the lower boundary of the
corridor is depicted in Figure 6.

H, — Keplerian A
| drag pass > V(o)
Hp v]  profile
Simple Scale
Height Atm
LOOP
START Ho= (Hp min tHp max) /2 Model
Q(t)
If (Theak < T > Ho max = Hyp Payn(t)
If (Tpeak >Tmax)% Hpmin= Hp AQ
YES S
Solar Array
|Tpeak' Tmaxl >E k: -;-r(t) \r Thermal
[—peak | Model
NO
- 1-D:
(Dpeak(Ha)zmaX[(D(tH
@Opear(H.) or P H
denpeak(Ha)=max[den(tH j peak( a} Z-D.dynpeak( a)
AQ(H,)=AQ ’
( a) AQ(mpeik)

Figure 5: Aerobraking corridor upper limit definiti on
algorithm
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Figure 6: Aerobraking corridor lower limit definiti on
algorithm

6. AEROBRAKING SIMULATION ON MARS

The mission about Mars selected for this papehés t
Mars Sample Return Orbiter mission (MSRO),
scheduled by ESA for launch in the first half o2Pe.
Such mission features an aerobraking phase for the
acquisition of the orbiter relay orbitTable 2
summarises the aerobraking parameters used for the
current simulation.

The initial orbital period in approximately % Sol
(nearly 12 hours) and the initial inclination is°4%he
Walk-In phase consists of a gradual lowering of the
pericentre altitude (through 8 successive burrasjisg
from an initial pass of 150 km of altitude. Duritige
Main Phase, ABMs are separated by at least 2 days,
(control interval duration). Main Phase exit cormatitis

the remaining S/C lifetime approaching 4 days wagre
the Walk-Out terminates when the apocentre has
lowered to 600 km with a final circularisation burn

Table 2: Parameters of the aerobraking simulation

Aerobraking parameters Value
Initial orbital period (Sol) 0.5
Initial inclination (deg) 45.0
Initial Walk-In pericentre altitude (km) 150.0

Number of Walk-In ABMs 8

Control interval duration (days) 2.0
Minimum allowed lifetime (days) 4.0
sfrfgﬁpaiieoﬁlt(llgrf)e for lifetime 350.0
Final circular orbit altitude (km) 600.0
S/C ballistic coefficient (kg/m 2 56.5

Orbit propagation takes into account the following:
» Non-spherical gravity of degree and order 5
e Sun gravity perturbation.

e Atmospheric drag modelled with EMCD V4.3
Mars atmosphere model, Warm Scenario (6)

Both the 1-D and 2-D control corridor cases havenbe
simulated. In order to obtain the corridors, a patic
analysis with varying atmosphere scale heights has
been performed (respectively 7, 8 and 9 km).

The other parameters used to define the corrider ar
listed in Table 3 The upper boundary has been
computed with anaximum allowable temperature of
95°C, whereas thelower boundary with a peak
dynamic pressure of 0.15 N/nf. The maximum
allowable temperature is lower than the highest
temperature that the solar array can withstand°@p0
This is typical for Mars missions, because the
atmosphere uncertainty requires that a big safety
margin be assumed.

Table 3: Solar array and environmental parameters fo
Mars AB corridor definition

Parameter Value
Mars Bond Albedo 0.29
(S\Jc/;(lg ;rzr)ag/ specific heat per unit surface 22410
Absorptiqn coeﬁicient'of solar array back 0.9
side coating (carbon fiber), a> ’
Absorption coefficient of solar cells, o 0.86
Emi;sivity coefficient of array back side & 0.79
coating
Emissivity coefficient of solar cells, & 0.87
Solar flux (W/m 2) 600.0
Maximum allowable array temperature (°C) 95°C
Minimum peak dynamic pressure (N/'m %) 0.15

Figure 7shows the 1-D upper boundary dependence on
the scale height. If the scale height is highege th
expected peak solar array temperature is higheafor
given peak heat flux. Therefore, the upper boundary
lowers by approximately 100 Wfmwhen the scale
height rises from 7 km up to 9 km.

The lower boundary, on the other hand, remains
unaffected. In fact, at a given apocentre altituthe,
peak dynamic pressure is a function of the onlykpea
heat flux, with no dependence on scale height.
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Figure 7: 1-D corridor sensibility to scale height
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Figure 8 shows the dependence of the 2-D corridor o

the scale height assumption. As expected, the upper

boundary is almost independent of it. The lower
boundary curve, on the other hand, tends to righ wi
the scale height because, at a given peak heafdghk
hence peak dynamic pressure) the heat load grothls wi
the scale height (density decreases less rapidilly wi
altitude). However, the observed changes are small.
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Figure 8: 2-D corridor sensibility to scale height
assumption

For the following simulations, the corridors obtin
with a scale height of 9 km have been used. At the
aerobraking altitude (close to 100 km), typicallsca
heights are around 7 km for Mars and thereforeh suc
assumption is conservative enough.

Figure 9shows the pericentre altitude evolution and the
effect of the aerobraking manoeuvres for a simomati
performed with the 2-D corridor.
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Figure 9: 2-D Corridor simulation, pericentre altitude
evolution and ABMs effect

For what concerns the evolution of the controlled
variables (peak heat flux and heat load), thishimas

in Figure 10 The colour of the pericentre points
changes from black to light grey when approachirg t
aerobraking end, thus giving the idea of whichhe t
forced evolution of the controlled variables. The=l r
upper boundary curve is clearly never trespassed.
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Figure 10: 2-D corridor simulation, Heat Flux and Heat
Load evolution throughout aerobraking

Figure 11 shows the pericentre heat flux as a function
of the apocentre altitude for the 2-D corridor
simulation. The highest pericentre heat flux valases
up to 100 W/rh above the maximum allowed by the
more conservative 1-D corridor.
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Figure 11: 2-D corridor simulation, Heat flux evoluion
Vs apocentre altitude

Figure 12 shows the altitude evolution for the
aerobraking simulation performed with the 1-D cohtr
corridor. Clearly such evolution is very similarwat
obtained with the 2-D corridor because the mission
scenario is the same. However, the overall duration
the aerobraking is longer by approximately 15 days
the 1-D corridor simulation. The reason is cledHg
non-optimality of the 1-D corridor method.

Figure 13 shows the evolution of the controlled
variable (the peak heat flux) as a function of the
apocentre altitude. The upper boundary curve @rigle
never trespassed.
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Figure 12: 1-D Corridor simulation, pericentre altitude

evolution and ABMs effect

Figure 14finally shows the evolution of the pericentre
passes in the heat flux-heat load plane. Sincel{be
corridor approach is more conservative, the highest
heat flux - heat load values are slightly lowerrthhe
upper boundary of the 2-D corridor.

Table 4summarises the performance parameters of the
aerobraking simulations obtained with the 1-D arid 2

corridor control. The 2-D corridor features an aber
aerobraking duration about 15 days shorter antheat
same time, approximately 20 manoeuvres less. The
overall cost of the aerobraking is similar in botses,
with a slight convenience of the 2-D corridor.
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Figure 14: 1-D Corridor Simulation, Heat Flux and Heat
Load evolution throughout the aerobraking

Table 4: MSRO Performance results with 1-D and 2-D
corridor control

1-D Corridor | 2-D Corridor
Aerobraking
duration (days) 258.5 243.2
Main Phase total 20.6 195
cost (m/s)
Main Phase N° of
ABMs 84 68
Aerobraking total 141.2 137.9
cost (m/s)
Aerobraking total
N° of ABMs 101 80




7. AEROBRAKING SIMULATION ON VENUS

In order to provide an example of an aerobrakinguab
Venus, a “Magellan like” mission has been selected.
The relevant aerobraking parameters are listethiite

5. The aerobraking goal is to reduce the orbitalqaer
from an initial 3.2 hours down to 1.6 hours witfirel
pericentre of 200 km and a final apocentre of 540 k
The control interval for ABMs decisions is set to 2
days.

Table 5: AB parameters for simulation about Venus

Aerobraking parameters Value
Initial orbital period (hours) 3.2
Initial inclination (deg) 45.0
Initial Walk-In pericentre altitude (km) 150.0
Number of Walk-In ABMs 3
Control interval duration (days) 2.0
Minimum allowed lifetime (days) 2.0
cRc?rfneF:Etn;t?oﬁlt(lliLrJ:)e for lifetime 300.0
Final orbit period (hours) 1.6
Final pericentre/apocentre altitude (km) 200 x 540
S/C ballistic coefficient (kg/m 2 23.7

Orbit propagation takes into account the following:
e Sun gravity perturbation.

» Atmospheric drag modelled with the “Birkeland,
Williams, Konopliv’ model dating back to 1981

A 2-D control corridor has been defined using the
parameters given irnrable 6 A higher maximum
allowable array temperature (130°C) has been
considered with respect to the MSRO scenario. Ehis
because Venus atmosphere’s uncertainty is muchrlowe
than Mars atmosphere’s and hence the corridor ean b
defined with a lower temperature margin. The lower
corridor boundary, on the other hand, has been
computed again to assure a minimum peak dynamic
pressure of 0.15 N/m

The environment around Venus is characterised by a
much greater solar flux and bond Albedo than around
Mars. From a design point of view, this calls foet
solar panels be more reflective than in the casa of
Mars orbit in order to limit the array equilibrium
temperature due to environment fluxes. For thisaea

a quite small absorption coefficient has been asstim
25% versus the 90% used for the MSRO simulation. It
is stressed that such values do not come fromailekt
thermal analysis but have rather been assumed to
produce a realistic aerobraking corridor.

Table 6: Solar array and environmental parameters fo
Venus AB corridor definition

Parameter Value
Venus Bond Albedo 0.9
(S\]c/)(lir. Fanrzr)ag/ specific heat per unit surface 22410
Absorptiqn coefficient of solar array back 0.25
side coating, a-
Absorption coefficient of solar cells, o 0.25
Emissivity coefficient of array back side, & 0.79
Emissivity coefficient of solar cells, & 0.87
Solar flux (W/m 2?) 2611
Maximum allowable array temperature (°C) 130
Minimum peak dynamic pressure (N/'m %) 0.15

Figure 15shows the altitude evolution forced by the
corridor control throughout the aerobraking. The
overall duration is approximately 85 days and the
pericentre altitude range is [135, 150] km.

Figure 16 shows the evolution of the control vaeab
(peak heat flux and heat load) throughout the
aerobraking. No violation of either the upper boanyd

or the lower boundary is observed during the Main
Phase (during the Walk-Out phase control is based o
lifetime).
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Figure 15: Altitude evolution and ABMs effect

Figure 17 shows the evolution of peak heat flux and
dynamic pressure with time. During more than hélf o
the aerobraking the natural trend of these control
variables is to rise because the local solar time a
pericentre approaches 3 pm, which is the hour ef th
day presenting the highest density at a givenudkit
(at least for the Venus atmospheric model usedhfer
simulation). In the final part of the aerobrakirg, the
local solar time decreases, the pericentre demgity
given altitude tends to decrease rapidly, thus iraqgu
some pericentre lowering ABMs (see Figure 15).
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The dependence of the pericentre density on theit ST
clearly shown inFigure 18 As this approaches 3 pm,
the density rise urges that the pericentre altitbde
raised up to more than 145 km.
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Figure 18: Pericentre altitude and density evolutia as a
function of the local solar time at pericentre

8. AEROBRAKING SIMULATION ON TITAN

The reference mission about Titan chosen for the
simulation is the TSSM (Titan Saturn System Mis}ion
scheduled for launch in 2020 and due to arrive &ge
later. The Titan segment of the mission envisages a
detailed analysis of its atmosphere to be carried o
while performing an aerobraking phase of 60 days.
This duration is the minimum that must be ensuced t
permit the collection of sufficient science atmosph
data. The final orbit achieved will be a circulabib of
1500 km altitude.

In order to aero-brake the S/C will use the HighnGa
Antenna and preliminary analysis showed that thekpe
heat flux ought to be maintained below 2500 A{/Th

No study of the drag duration effect on the maximum
allowed peak heat flux is currently available.

The orbit achieved after the Titan Orbit insertion
features 15000 km apocentre altitude and 720 km
pericentre altitude. The very big effect of the Usals
third body gravity effect translates into very larg
pericentre altitude variations of up to 50-100 knoni
orbit to orbit. Therefore a strict corridor contrebuld

be very expensive as it should counteract perieentr
altitude variations of high frequency and magnitude

This consideration, together with the fact that the
actual goal is not to minimise the duration of the
aerobraking but rather to perform it in two months,
suggests to use an ad-hoc 1-D corridor controlwsho
in Figure 19. When the apocentre altitude maintains
above 10000 km (and Saturn’s third body perturlmatio
has the greatest influence), the allowed corridimitiw

is the highest possible. Then, in order to compithw
the 60 days AB duration constraint (neither longer
shorter), the upper boundary is progressively leder
with an ad-hoc profile.
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The aerobraking parameters characterising
simulation are summarised ifable 7 whereas orbit
propagation takes into account the following efect

e Sun and Saturn gravity perturbation.

» Atmospheric drag modelled with the “Yelle” Titan
atmosphere model

the

Table 7: AB parameters for simulation about Titan

Aerobraking parameters Value
Initial orbital period (days) 0.82
Initial inclination (deg) 85.0
Initial Walk-In pericentre altitude (km) 680.0

Number of Walk-In ABMs 2

Control interval duration (days) 2.0
Minimum allowed lifetime (days) 4.0
Reference altitude for lifetime

computation (km) 1000.0
Final circular orbit altitude (km) 1500.0
S/C ballistic coefficient (kg/m 2 71.62

Figure 20shows the evolution of the pericentre altitude
and the effect of the control ABMs. All manoeuvres
aim at raising the pericentre to either follow the
corridor upper boundary modulation or to counteract
the natural pericentre altitude drift. Finally aosh
Walk-Out phase maintains the lifetime above 4 days,
while reaching the final orbit altitude of 1500 km.
Figure 21shows the evolution of the peak heat flux
with the apocentre altitude.
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Figure 20: Altitude evolution and ABMs effect

Figure 22 shows the evolution of the peak heat floct
dynamic pressure at pericentre throughout the
aerobraking, while Figure 23 shows the evolution of
the orbital period. The highest variation is obégirat
the beginning when the corridor width is highest.
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9. CONCLUSIONS

Some innovative solutions of the aerobraking caonrid
control problem have been implemented.

First of all, a possible approach for the contr@Ms
computation has been proposed, that is based on:

» Selection of control surrogate variables: peak
dynamic pressure or heat flux (for 1-D corridors),
or peak heat flux and heat load (for 2-D corridors)

* Prediction of the control variables evolution
throughout a selectable interval of time, named
control interval. This represents also the fixed
interval of time between successive ABM
decisions throughout the aerobraking Main Phase.

e« Computation of the control ABM size, if
necessary, that enables the maximisation of the
apocentre reduction while complying strictly with
the corridor upper boundary

Secondly, two feasible solutions for the aerobrgkin
corridor definition have been described and congpare
with the pure approach based on the solar arraig pea
temperature. In order to define such corridorsas h
been necessary to:

» Define a simplified solar array thermal model,
with the assumption of physical properties related
to environment (planet radius, gravity and albedo),
solar array (absorption and emissivity coefficignts
and S/C (ballistic coefficient)

» Define an algorithm to compute the maximum
permitted heat flux and heat load at a given
apocentre altitude vyielding to the maximum
allowable solar array temperature. Expressing the
maximum heat flux as a direct function of the
apocentre altitude, a 1-D corridor has been
defined, whereas, by expressing the maximum
permitted heat flux as a function of the maximum
permitted heat load, a 2-D corridor definition has
been obtained.

Finally, the two corridor concepts have been tested
with different scenarios around Mars, Venus andr.it
For Mars, a comparison between the 1-D and 2-D
corridor concepts has been performed showing teat t
latter approach is a little more efficient.

An aerobraking simulation around Venus has been
performed with a 2-D corridor control showing the
applicability of this concept to a planet with an
extremely different environment with respect to Mar

On the other hand, an example of a 1-D corridor
application has been provided for aerobraking agoun
Titan. This simulation has shown that the 1-D dwri
approach is adaptable to other types of aerobraking
constraints different from peak solar array tempeea

An ad-hoc definition of the 1-D corridor has pemet

to limit the deltaV cost necessary to counteract
Saturn’s gravity perturbation and to achieve the
aerobraking in the requested time (60 days).

The work presented in this paper has been cartied o
in the context of the activity “Robust and Autonamo
Aerobraking Strategies” funded by the European 8pac
Agency.
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